is endogenously produced by asymmetric dimethylation of the guanidine group of L-arginine residues. ADMA is generally considered a powerful cardiovascular risk factor, an Übermarker, due to its inhibitory action on the activity of nitric oxide synthase (NOS) isoforms. In the endothelium, the constitutively expressed and Ca 2+ /calmodulin-dependent NOS (eNOS) catalyzes the conversion of L-arginine to nitric oxide (NO). NO is one of the most potent endogenous activators of soluble guanylyl cyclase which produces the second messenger cyclic guanosine monophosphate (cGMP). There is experimental evidence from in vitro and in vivo experiments that challenges the extraordinary importance of ADMA as the culprit of NO-related cardiovascular diseases in the human circulation. Most notably, we present data showing that ADMA is a weak competitive inhibitor of recombinant endothelial NOS (eNOS) activity (K i 3.9 μM, IC 50 12 μM). Thus, at its relatively low concentrations of 0.4 to 0.5 μM in the human blood, ADMA is unlikely to inhibit NO synthesis in the endothelium to an extent sufficient enough to cause endothelium dysfunction. Furthermore, ADMA does not "uncouple" eNOS and does not diminish the bioavailability of NO through its reaction with superoxide radical anions produced by "uncoupled" eNOS. Consequently, the particular importance assigned to ADMA in the human circulation is likely to be due to other not yet recognized biological actions beyond inhibition of eNOS activity. This "ADMA paradox" remains to be solved.
Introduction
Nitric oxide (NO) is considered to play a critical role in signal transduction pathways in the cardiovascular and nervous systems and is a key component of the cytostatic or cytotoxic function of the immune system (1, 2) . In various pathological conditions associated with endothelial dysfunction, such as atherosclerosis, hypercholesterolemia, and essential hypertension, urinary excretion of the NO metabolites nitrate and nitrite, as well as of cGMP, the second messenger of NO, are reduced both in animals and in humans [discussed in Ref. (3) ]. In these conditions, the plasma concentration of L-arginine, the substrate of nitric oxide synthase (NOS; EC 1.14.13.39) isoforms (4) , is almost normal, while the plasma concentration of asymmetric dimethylarginine (ADMA), an endogenous inhibitor of NOS, is slightly increased. Intravenous or oral administration of L-arginine to healthy and diseased humans as well as to animals results in enhanced endothelium-dependent vasodilation, increase of plasma nitrite concentration and enhanced urinary excretion of nitrate and cGMP (3) , which is indicative of enhanced NO synthesis. From a biochemical point of view, this is a surprising finding, because L-arginine is found in human blood at concentrations being approximately 10-fold higher than the K M values for all NOS isoforms (3) . This "abnormality" is generally known as "The L-Arginine Paradox."
Basal inhibition of NOS activity by ADMA is one possible explanation of this phenomenon. Known NOS isoforms include endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS) (5) . All NOS isoforms including eNOS are known to produce not only NO but also the superoxide radical anion. NO produced by NOS and superoxide produced by NOS and/or other enzymes can lead to irreversible formation of peroxynitrite (ONOO -), a potent oxidant of various biomolecules including NOS. This reaction is considered particularly important because it diminishes NO bioavailability. Besides ADMA, there are additional endogenous and exogenous N G -substituted L-arginine inhibitors of NOS activity (1, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) ). Yet, only ADMA has been suggested as a potent risk factor for the development of NOassociated endothelial dysfunction and cardiovascular diseases in humans due to its inhibitory action on eNOS (20, 21) . However, there is a body of experimental and clinical evidence that argue against this widely widespread belief, notably in the cardiovascular system. The present study provides new experimental evidence for the weak inhibitory action of ADMA on eNOS and discusses the controversial issue and suggests the use of the expression "The ADMA Paradox" to characterize this phenomenon. ]-arginine and all NOS inhibitors were freshly prepared in distilled water. Calmodulin (1 mg) was diluted in distilled water (1 mL), aliquoted, and stored frozen. Purified recombinant bovine eNOS (Cayman Chemical, Ann Arbor, MI) was isolated from a Baculovirus overexpression system in Sf9 cells and was supplied in 50 mM HEPES, pH 7.4, with 10% glycerol, 5 mM CHAPS, and 100 μM dithiothreitol (DTT). The specific activity of eNOS was declared by the supplier as 1.3 nmol NO/min × mg as measured spectrophotometrically using the oxyhemoglobin assay (1 mM CaCl 2 , 1.2 μM calmodulin, 0.1 mM NADPH, 50 μM L-arginine, 12 μM H 4 B, 170 μM DTT). The original eNOS preparation (1.07 mL, 6.18 mg eNOS) was thawed, aliquoted to 10-μL portions, and frozen (-80°C) immediately. eNOS stock solutions were used once without re-refrigerating.
Materials and methods

Chemicals, enzymes, and reagents
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Measurement of recombinant bovine eNOS activity
eNOS assays were performed with minor modifications of the GC-MS method recently developed for and applied to nNOS (19) . Fresh solutions of NOS cofactors were prepared daily in potassium phosphate buffer (50 mM, pH 7, 5 mL), resulting in the following final concentrations: H 4 B, 10 μM; FAD, 5 μM; FMN, 5 μM; CaCl 2 , 500 μM; NADPH, 0.8 mM; calmodulin, 500 nM. In experiments on eNOS inhibition, NOS inhibitors were added at final concentrations of 1, 2, 5, or 10 μM (see below). Aliquots (400 μL) of these solutions were spiked with varying concentrations of L-[guanidino- 15 N 2 ]-arginine (range 0-40 μM) and pre-incubated for 10 min at 37°C. The reaction was started by addition of eNOS at a final protein concentration ranging between 5 and 90 μg/mL. The reaction was stopped after various times of incubation (range 0-30 min) by transferring aliquots (100 μL) of eNOS incubates into 1.5-mL glass vials, which contained an ice-cold acetonic solution (400 μL) of 14 NO 2 − and 14 NO 3 − for use as internal standards, resulting in a final concentration of 1.0 μM each. Samples were mixed immediately by vortexing and put on ice until derivatization by the following procedure. PFB bromide (10 μL) was added and samples were derivatized by heating at 50°C for 60 min. After cooling to room temperature, acetone was removed under nitrogen and reaction products were extracted with toluene (300 μL) by vortex-mixing for 1 min. GC-MS analyses of 0.5-μL aliquots were performed in the negative-ion chemical ionization mode on a HewlettPackard MS Engine 5989A connected directly to a gas chromatograph 5890 series II (Waldbronn, Germany), which was equipped with a fused-silica capillary column 
Results
The mechanisms by which ADMA inhibits NOS isoforms are incompletely understood. Moreover, many results arise from cell or in vivo experiments which by nature cannot provide information about the kind of inhibition. The IC 50 value for ADMA in rat brain homogenates has been reported to be 2 μM (22). Our group found that ADMA is a potent non-competitive inhibitor (K i 0.4 μM; K ii 1.6 μM; IC 50 1.5 μM) of recombinant rat nNOS (3, 19, 23, 24) . By contrast, others have reported that ADMA is a weak competitive inhibitor (K i 0.7 μM; IC 50 ≈ 20 μM) of rat nNOS (25) . By means of a reliable GC-MS assay (19), we performed detailed mechanistic studies on the inhibitory action of ADMA on a commercially available recombinant bovine eNOS. The results of these studies are shown in Figures 1-3 /min × mg eNOS) is about 300 times smaller than that of a recombinant rat nNOS (19) , indicating that eNOS is much less active compared to nNOS. ADMA and L-NMA were found to be equipotent inhibitors of eNOS activity (Figure 1) . A MichaelisMenten kinetics was observed (Figure 2 ; Tables 1-3) . ADMA was found to be a competitive inhibitor of eNOS activity. V max was determined to be 0.90 ± 0.07 nmol 15 . At the highest concentration of ADMA used in these experiments, that is, 10 μM, ADMA inhibited eNOS activity by less than 50%, suggesting that the IC 50 of ADMA for eNOS is above 10 μM, which was estimated to be approximately 12 μM.
We have previously reported that infusion of ADMA (up to 75 μg/kg/min for 40 min) in six healthy volunteers resulted in dose-dependent increases of plasma ADMA concentration, and in decreases of circulating cGMP levels (by 18%-27%) and effective renal plasma flow (EPRF; by 0.1%-7%) (26, 27) (Figure 3 ). These in vivo observations are in line with those obtained in vitro using eNOS in the present study.
Discussion
Formulas (1), (2) , and (3) describe the theoretical extent of inhibition (EI, in %) by ADMA of eNOS and nNOS activity (V) for competitive and non-competitive mechanisms for ADMA concentrations (I) in the range 0-20 μM and for three constant L-arginine concentrations (S) of 50, 200, and 500 μM. In these expressions, V is the NOS activity in the presence of ADMA and V 0 is the NOS activity in the absence of the ADMA. By means of these formulas and the experimental results, the EI values were calculated and plotted versus the ADMA concentration (Figure 4) . In this figure, the extent of inhibition of plasma cGMP and of ERPF upon infusion of ADMA in six healthy volunteers versus the corresponding peak plasma concentration of ADMA (see Figure 3) is also plotted. Figure 4 shows that nNOS activity is potently inhibited by ADMA, even at high pharmacologically relevant concentrations of the NOS substrate L-arginine. ADMA at 10 μM inhibits nNOS activity by 90%. At pathophysiological plasma concentrations of ADMA, that is, 0.5 to 1 μM (28), nNOS activity would be inhibited by approximately 30%. Because of the non-competitive inhibitory mechanism, nNOS activity can be increased only by decreasing intracellular ADMA concentration, for instance, by supplementing high amounts of Larginine.
In contrast, eNOS activity is weakly and competitively inhibited by ADMA (Figure 4) . Thus, even at very high ADMA concentration of 10 μM, eNOS activity would be inhibited by only 22%. At physiological plasma concentrations of ADMA, eNOS activity would be inhibited by less than 5%. Doubling the ADMA plasma concentration to reach pathologically elevated ADMA levels will not markedly increase the extent of inhibition of eNOS activity. An increase in L-arginine concentration from the physiological plasma concentration of about 50 μM to a pharmacological level of 500 μM would have a much stronger effect on eNOS activity and would almost completely abolish the inhibition of eNOS activity by ADMA.
On the assumption that the in vitro observations of our group on the inhibition of isolated eNOS and nNOS by ADMA are valid and extendable to humans and animals in vivo, one can assume that under physiological conditions . The experimental conditions are described in the "Materials and Methods" section.
The inhibitory action of ADMA and its importance in the vasculature all NOS isoforms will be partially inhibited by ADMA, with nNOS activity being much stronger inhibited than eNOS activity. With respect to the NOS activity in endothelial cells, eNOS activity would increase both through competition of administered L-arginine with ADMA and by exchanging intracellular ADMA by extracellular L-arginine (Figure 4) . Based on the different mechanisms of action of ADMA on eNOS and nNOS, it may be expected that supplementation of L-arginine will reduce extent of basal inhibition of NOS activity by ADMA by the same degree in endothelial and neuronal cells (Figure 4 ). These considerations led to conclude that administration of relatively large amounts of L-arginine to humans will produce the same beneficial NOrelated effects in the whole human organism.
Conclusion
In vitro, ADMA is a weak competitive inhibitor of eNOS activity in vitro, but is a relatively strong non-competitive inhibitor of nNOS. ADMA infused to healthy subjects exerts only very weak effects in the renal and cardiovascular systems, even at plasma concentrations that are about 10 times higher than those measured in many pathological conditions. It can be concluded that ADMA is unlikely to be a predominant determinant of the eNOS activity in the human circulation. The cardiovascular risk assigned to ADMA in adults is likely to arise from other not yet recognized actions of ADMA. Children have much higher circulating ADMA concentrations than adults (29) , but there is no evidence that children have a risk for cardiovascular disease. In humans, the activity of eNOS, nNOS, and iNOS is steadily inhibited by ADMA and other endogenous inhibitors, and L-arginine administration can reduce the extent of this baseline inhibition to almost the same degree, albeit by different mechanisms. This is a likely explanation of the "L-Arginine Paradox." The very weak inhibitory potency of ADMA on eNOS activity in the human endothelium does not support the cardiovascular risk ascribed to ADMA thus far. We name this phenomenon "The ADMA Paradox" which is presently unexplored and remains to be resolved. . The extent of inhibition was calculated by using the experimentally observed Michaelis-Menten kinetics constants in the present study for eNOS and in previous work for nNOS (KM = 6 μM for eNOS and 3 μM for nNOS; Ki = 4 μM for eNOS and 0.4 μM for nNOS; Kii = 1.6 μM for nNOS) (3, 23, 24) . Open squares and circles are experimentally observed data on the extent of inhibition of plasma cGMP and ERPF upon infusion of ADMA and are indicated by arrows. 
